Connectivity in aquatic systems is often related to abundance and permeability of physical barriers, such as dams, which delay or impede movements of biota with important consequences for aquatic biodiversity. Water quality may, however, also control connectivity between essential habitats. In macrotidal estuaries, Estuarine Turbidity Maxima (ETM) have a strong impact on water quality because of the low oxygen concentration occurring as a response to the related high bacterial and low photosynthetic activities. In this study, we assess Allis shad estuarine spawning migration in 2011 and 2012 in the Loire River (France) where the ETM occurs at spring and summer. Using an acoustic telemetry array, we show that trans-estuarine migration is inhibited during hypoxic episodes in the middle part of the estuary. Shad tends to stay in downstream areas, and even at sea, where oxygen conditions are more suitable. Trans-estuarine migration occurs hastily during neap tide when the ETM decreases, both in terms of spatial extent and intensity, inducing a shift in a set of covariates including dissolved oxygen, which increases, and suspended matter, which decreases. In the context of climate warming, ETM are expected to increase with probable adverse implications for shad migration success and doubtless other diadromous populations.
Introduction
Disruption of connectivity along rivers is known to be a major cause of freshwater aquatic biodiversity loss, especially for fish (Lucas and Baras 2001; Pringle et al. 2000) , and among them diadromous species which decline throughout the world (Limburg and Waldman 2009) .
At an individual level, connectivity alteration may prevent fish from reaching essential habitats, such as spawning habitats, and accomplishing their life cycle (Lucas et al. 2009) . At a population level, it may impede (re-) colonization of habitats, reduce population dynamics and jeopardize viability (Morita and Yamamoto 2002) . Connectivity is usually considered from a physical point of view and its alteration is evaluated, for instance, by counting the number and characterizing the permeability of physical obstacles such as dams or other infrastructures (Bourne et al. 2011; Cote et al. 2009; Fullerton et al. 2010; Hall et al. 2011; Laffaille et al. 2009 ). Therefore, most management plans target these obvious obstacles to improve fish movements and restore populations: fish passage may be settled (Prato et al. 2011) or dams may be removed (Hart et al. 2002) , for instance. Conversely, the absence of such barriers is generally assumed to allow fish to freely move between habitats and connectivity can be considered as good. Other factors may however control fish habitats connectivity. Among them, physico-chemical conditions, which are much more variable and difficult to assess, can also limit or even impede fish movements (Buysse et al. 2008; Lucas and Baras 2001; Maes et al. 2008) . Low dissolved oxygen level, high temperature or suspended matter level may act as real barriers to fish migration but their impact is rarely investigated.
Macrotidal estuaries of large rivers often develop a Estuarine Turbidity Maximum (ETM). The conjunction of tide and river flow results in the resuspension of fine particles. Moreover, two phenomena occur with increasing salinity: organic matter, resulting from the death of aquatic organisms experiencing fatal osmotic stress, increases and dissolved matter
flocculates. Yet the high turbidity reduces the photosynthetic activity and the increase of bacterial activity resulting from this amount of dissolved matter available leads to high oxygen consumption. Therefore, ETM may be associated with hypoxic or even anoxic conditions, especially under high temperatures and low river flows (Abril et al. 1999; Talke et al. 2009 ). Although ETM are natural phenomena, anthropogenic activities can exacerbate its development in terms of intensity, duration, frequency and spatial extent. For instance, channelization or deepening of estuaries for navigation may severely impact mudflat M A N U S C R I P T
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4 functionality (i.e., reduced sediment trapping) and can also extend the ETM (Kerner 2007; Talke et al. 2009 ). In the context of global change, water temperature increases and concurrent declines in discharge will favour the development of ETM and hypoxic, even anoxic, episodes (Lanoux et al. 2013) . Although this phenomenon can be advantageous for larval and juvenile fish feeding and survival due to higher prey concentrations (Islam and Tanaka 2006) , some fish populations could be, and are probably already, negatively impacted by it (Marchand 1993; Thouvenin et al. 1994) . Therefore, this phenomenon deserves particular attention especially since the effect of restoring riverine physical continuity in the upstream parts of catchments would be unfruitful if migration is disturbed in the estuarine bottleneck. Indeed, it has been shown that, the further downstream the barriers to migration occur, the stronger the consequences on diadromous fish are (Cote et al. 2009; Lucas et al. 2009; Rolls 2011 (Lacépède, 1803) . It is suspected that this diversity results from a reasonably good connectivity level along the main axes i.e., the Loire and Allier rivers (Lasne and Laffaille 2008) . Nonetheless, various factors such as pollution and obstructions in tributaries contributed to population declines (Steinbach 2001) . In addition to these upstream pressures, it is likely that an ETM developing in the Loire Estuary and causing episodic hypoxic or even anoxic conditions could be problematic for diadromous fish (Etcheber et al. 2007; Marchand 1993; Thouvenin et al. 1994) or other amphihaline, such as grey mullet (Sauriau et al. 1994) , and may be the main factor affecting population within the catchment (Steinbach 2001) .
In this study, the impacts of the ETM and associated hypoxic conditions on a diadromous fish, the Allis shad, is addressed. Dissolved oxygen concentrations (DO) <3 mg.l -1 are known to be stressful for migrating spawners in other alosine species (Chittenden 1973; Maes et al. 2008) and thus, may be stressful for Allis shad too. Unfortunately, such low concentrations have been observed in the Loire River estuary at spring during the migratory period of shads (Thouvenin et al. 1994) . In order to evaluate Allis shad behaviour facing such supposedly
stressful conditions and the impact on the onset and patterns of the spawning migration, we used an acoustic telemetry array deployed in the Loire River estuary in 2011 and 2012.
Migratory patterns were investigated in medium to late migratory periods when hypoxic and anoxic episodes were likely to occur. We tested the hypothesis that migratory behaviour is disrupted during hypoxic or anoxic conditions, which could therefore delay estuarine migration with probable consequences on spawning success.
Materials and Methods

Study area
The Loire River catchment is the largest one in France with a drainage area of 117 000 km².
On average, the discharge at the catchment mouth is about 850 m 3 .s -1 with significant interand intra-annual fluctuations. Indeed, the Loire River is subject to very intense flash floods from autumn to spring and to severe drought from spring to autumn. The Loire itself is 1012 km long and has relatively good connectivity for fish in a large downstream part (<500 km from the tidal limit). The main tributary, the Allier River, is almost free of impassable barriers and might be colonized by a well-known relict Atlantic salmon population (Perrier et al. 2011) . The Vienne River has been restored (Maison Rouge dam dismantled in 1999) and recolonization by diadromous species is expected. Conversely, most of the other tributaries have been largely regulated by dams whose impact on diadromous fish distribution is severe, for instance in the Maine catchment (Laffaille et al. 2009; Lasne and Laffaille 2008) . In terms of water quality, the Loire River has very high nitrates and ammonia levels due to farming activities i.e., livestock and fertilizers (Moatar and Meybeck 2005) . Conversely, the impact of industrial activity on water quality is relatively low (Moatar and Meybeck 2007) . The fluvial part of the Loire River itself (e.g., upstream of the estuary) seems to be rarely or locally affected by hypoxic conditions (Moatar et al. 1999) . Considering the limit of tidal influence as the upstream boundary at Varades, the Loire River estuary is about 80 km (Fig. 1) . Its width varies from 4000 next to the outlet to 200m upstream. It has been largely modified for navigation purposes, and more precisely, it has been deepened. As a result, the influence of tide has moved upstream and mudflats do not play their role of sediment trapping anymore, contributing to the reinforcement of the ETM.
In the Loire River, Allis shad spawn 550-750 km from the sea . After 3-6 months in freshwaters, juveniles leave the river to the sea, where growth lasts for 4 to 5 M A N U S C R I P T A C C E P T E D (Bach et al. 2015) and, in the Gironde system (the other large and close river historically supporting large populations), the population collapsed in the recent decades (Rougier et al. 2012 ).
Environmental data
Since 2007, a number of physico-chemical phenomena are being monitored in the estuary by GIP Loire Estuaire (www.loire-estuaire.org): maximum turbidity zone, hypoxia and salinity.
The ETM corresponds to the area where the concentration of suspended matter exceeds 1 g.l -1 and is mainly located in the lower part of the estuary (Etcheber et al. 2007 ). In 2011 it moved up in the upper estuary (GIP Loire Estuaire, comm. pers.). ETM may be associated with areas characterised by a dissolved oxygen concentration lower than 5 mg.l -1 and even down to 1 mg.l -1 (Thouvenin et al. 1994 ) (see Abril et al. (1999) for details on the underlying processes). Environmental data were provided by GIP Loire-Estuaire (www.loire-estuaire.org) and came from Paimboeuf (dissolved oxygen, measured every 10 minutes), Cordemais (salinity and suspended matter, hourly obtained) and Le Pellerin (temperature, measured every 10 minutes) (Fig. 1) . Using different stations was necessary to provide complete data series for each variable since some stations had long periods of non-available data due to sensor problems. Small time shifts due to tide influence between these near sites were negligible as daily mean of these data have been used. Measurements were automatically made every 10 to 60 minutes, depending on the stations. Mean daily flow was available at the DREAL measurement station of Montjean, 30 km upstream of Oudon (Fig. 1) . Tide coefficients were obtained from the Port Autonome de Saint Nazaire.
Telemetry array
In 2011, a first set of 17 hydrophones VR2W (Vemco®) anchored on navigation buoys was deployed from the upper part of the Loire Estuary (Oudon) to its lower end (Paimboeuf) ( Fig.   1 ). In 2012, 17 additional receivers were deployed and the array covered about 100 km of the lower river and estuary. These hydrophones were deployed as lines of 2 to 6 units to optimize detection along the estuary forming 11 acoustic lines ( 
Fish catching and tagging
Sixteen fishing campaigns with a professional fisherman (using a small aluminium boat) took place between Paimboeuf and Cordemais, from March to June, both in 2011 and 2012 ( Fig.   1 ). Eight tagging sessions occurred each year at different tidal periods for about 3 hours mostly as the tide rose up (i.e., two hours before high tide to one hour after)( Table 1) . Allis shad were captured using a trammel net (mesh size = 60 mm, length = 200 or 320 m, depth = 4 m) operated from the boat and regularly pulled in order to limit the duration of entanglement undergone by the fish. Shads were stored on board in a 500 l tank supplied with the river water and additional oxygen with an air diffuser. Acoustic tagging occurred as soon as possible in a 100 l tub also supplied with river water and an air diffuser. Fish were kept in water during tagging: their body was gently held with the mouth out of the water and the acoustic tags were carefully inserted through the mouth into the stomach following Acolas et al. (2004) protocol. No anaesthesia was performed on board the fishing vessel and it also enabled a faster return of the shad in their natural environment. Stomach ingested acoustic tags were either MP13 or MP9L acoustic transmitters (size 3.1 cm long, 1.3 cm diameter for MP13 and 2.8 cm long, 0.9 cm diameter for MP9L, Thelma® Trondheim, Norway) and weighed respectively, 11.4 g in air (7.3 g in water) and 5.2 g in air (3.3 g in water). Transmitters were programmed to emit a coded acoustic signal (at a frequency of 69 kHz), individually recognizable, either every 10 to 30 seconds or 20 to 60 seconds.
Transmitters' weights in air always represented less than 2% of the fish body weight as recommended in Winter (1996) . While the fish were still held in the water tub, external spaghetti tags (Floy Tag & Mfg. Inc., Seattle, Washington USA) with individual identification numbers were inserted with a tagging gun at the base of the dorsal fin to inform fishermen of the shads' special status, encourage their release, and allow the identification of the individuals caught. Fork length and body weight were measured just before release while holding a wet mop on the shad snout to prevent injury and calm it down.
In total, 51 Allis shad were tagged and released in 2011 and 27 in 2012. The mean body weight (W) of the shad was 1780 ± 544 g in 2011 (from 1182 to 3760 g, n=35) and 2308 ± 582 g in 2012 (from 1200 to 3100 g, n=26). The mean fork length was 503 ± 37 mm in 2011
(from 421 to 613 mm, n=51) and 531 ± 38 mm in 2012 (from 445 to 590 mm, n=27). The
Relative Weight (W R ) was considered as a proxy of the shad individual health status (Blackwell et al. 2000) . Although the equation of W S requires total length, fork lengths were used since total length measure is difficult on shads because of their tail shape and the resulting difference in the W S calculation is conservative. 
Typology of migratory behaviours
As a first approach, shad migration was qualitatively analyzed by comparing the individual migration profiles and classifying them in a typology based on pattern similarity. This typology revealed that, for most individuals, the estuarine migration was composed of two steps: first, a residence time in the downstream part of the estuary and second, an active and rapid migration upstream. The first step often displayed bouts of adjacent upstream and downstream movements. Such short term downstream movements were not necessarily an adverse reaction to tagging and may represent the normal diversity of movements (Frank et al. 2009 ). Consequently, they cannot be a priori excluded from the dataset. Therefore, for 
Trans-estuarine migration triggering
As a second approach, we intended to correlate migration profiles with environmental data to identify migration triggers. A preliminary graphical analysis of data suggested that migratory activity could be related to tidal coefficient (tabular system ranging from 20 to 120 that depicts the magnitude of an expected tide), suspended matter and dissolved oxygen (Fig. 2) . Therefore, we aimed to detect if any components of the migratory signal (global daily upstream migration variables, defined hereafter) could be linked to the components of observed environmental data signals.
Mathematical approach
Identifying rhythmicity in biological time series is usually performed by two statistical methods: autocorrelations or methods based on the maximum of entropy (Dowse 2007; Dowse and Ringo 1989) . In this study, Maximum Entropy Spectral Analysis (MESA) (Burg 1967; 1968) was chosen, because it has been shown to have a much better resolution in time series analysis than other methods (Ables 1974; Kay and Marple 1981) . Resolution, specifically, is the ability of the technique to separate input signals into discrete peaks in the spectrum. Moreover, MESA does not normally produce spurious peaks in the spectrum corresponding to "harmonics" of the true period (Dowse and Ringo 1989) . The regulated data series were created for each shad with detected migratory behaviour by optimizing the number of temporal matches between the raw series and the daily series (changing the initial value of the series and the lag) and a linear interpolation was used in between. For a given date, individual daily distances travelled were calculated and summed over all individuals and weighted by the number of shads present in the estuary and likely to migrate (shads which showed no sign of activity were removed from this analysis because it was impossible to determine if the fish was alive). This number was assessed by counting the number of shads having been detected and having showed a movement in the estuary before reaching Oudon (Fig. 1.) . Indeed, the shads which were still not detected at a given date but later in the migratory period were regarded as 'available shads'. This average daily distance was used as our movement variable (global daily upstream migration variable) to highlight even the minor migration episodes undertook by only few individuals. For shads showing upstream migration with several attempts, all data were considered in the analysis.
Signal conditioning
MESA implied a preliminary signal conditioning to obtain a stationary signal: high frequency noise and non-linear trends where removed using a pass band Butterworth filter (8-12-35-55 days) (Bolliet et al. 2007; Trancart et al. 2012 ). This filter was also applied on all environmental variables. MESA is a very powerful test, able to highlight several cycles in the same time series. However, having daily time series means that periodicities less than two days will not be detected. Indeed, Nyquist-Shannon theorem states that the sampling frequency has to be at least twice the highest frequency contained in the signal (Nyquist 2002 ). In the case of our study, there were more than two days between migrating events (i.e. implying several fishes), so this methodological constraint was not considered to be an issue.
Searching for periodicities in time series
In order to understand which -if any -environmental factors triggered the migration, the All the statistical analyses were made with the R-Cran project free software (http://www.rproject.org/; packages signal and pastecs). Differences were considered statistically significant at p < 0.05.
Results
Acoustic detections and migration patterns
Out of the 51 Allis shad tagged in 2011, 44 (86 %) were detected at least once and 29 fish (66%) displayed a trans-estuarine migratory behaviour (we considered 'migrant', shads which moved from the lower estuary up to, at least, Oudon, Fig 1) . Out of the 27 Allis shads tagged in 2012, 18 (66.7 %) were detected at least once, and only 6 shads (33%) have shown a transestuarine migratory behaviour. Considering the shad traits (fork length, body weight and W R ), no significant differences were found between migrant shads and non-migrant shads (ANOVA, p>0.05). Two shads were caught by fishermen: one in the lower estuary, close to the release point (Paimboeuf), 13 days after tagging and the other one 110 km upstream of the last acoustic line, 20 days after tagging.
Based on the global migration profiles, in both years, the onset of trans-estuarine migration tended to occur when tide coefficients were low, which corresponded to times where daily dissolved oxygen and suspended matter rates were respectively high and low (Fig. 2) . Other factors such as salinity, temperature and river flow were not graphically linked to migration events. A MESA was applied on all of them to provide a quantitative assessment of these preliminary observations. 
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Individual migration patterns
A typology of individual movement patterns was performed and showed strong interindividual contrasts: 6 patterns displayed different movement histories (patterns A, B, C, D, E, F) while three detection patterns (G, H, I) showed 'abnormal' trajectories (related to methodological problems such as tag loss or catching/tagging induced mortality). One of the migratory patterns (A) was very common whereas others were rarely observed (Table 2) . 
Residence time downstream
Mean residence time in the downstream part of the estuary (i.e., downstream Cordemais) before migration was 18.5 days (±7.28 SD, range 1.8-27.1). Fork length, bodyweight, and W R of shads had no influence on mean residence time in the downstream part of the estuary (ANOVA, p>0.05).
Migration speeds
The migration behaviour of 30 individuals was available for this analysis, including 26 from 2011 and 4 from 2012. Considering the small data set in 2012 as well as the similarities between the migratory patterns between the two years ( Fig. 3) , data from both years were pooled for migration speed calculations. Mean speed was 51.60 km. / 0.20 m.s -1 ), meaning that it took the fastest shad about 1 day to travel from Cordemais to Oudon (Fig. 1) . No relationship was found between fork length and W R and migration speeds (ANOVA, p>0.05). However, a relationship between fish body weight and migration speed was found: heavier fish migrated faster (ANOVA, p<0.05).
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Spectral density and rhythms
Three rhythms in the global daily upstream migration variable were found in 2011: 15.13, 18.98 and 26.22 days (Fig. 4) . The most important one in terms of spectral density was the first one, i.e., 15.13 days (d). Very similar rhythms (Fig. 5) 
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These results are consistent with the observations made on the global daily upstream migration ( Fig. 2) : maximal distance travelled, including active trans-estuarine migration, occurred at neap tides when oxygen was high, salinity was lower than during spring tides and suspended matter was low.
Results from 2012 were roughly similar to those from 2011. Global daily upstream migration showed three periodicities: 13.57, 16.62 and 24.35 days which can be found in oxygen ( 
Discussion
Migration through estuaries is a key event in diadromous fish life-cycles (Lucas and Baras 2001) . In Europe, physico-chemical conditions in large estuaries are likely to be stressful for migratory fishes, due to the development of ETM associated with hypoxic conditions, and may prevent fish movement. In our study, environmental conditions during Allis shad migration period were strongly fluctuating in the Loire River estuary mainly according to tide coefficients. Specifically, dissolved oxygen concentration could drop below 3 mg.l -1 which is known to be stressful for migrating spawners or juveniles in related species of shads (Chittenden 1973; Maes et al. 2008) . Indeed, this can greatly influence the success with which the adults migrate upstream (Chittenden 1974 ) and the juveniles move seaward in the summer and fall (Chittenden, 1969) . As raised by Chittenden (1974) , the resurgence of the population of American shad in 1907 in the Delaware River after years of decline may have been permitted by one of the greatest flood ever recorded in October 1903 which may have enhanced the water quality when the juveniles were migrating seaward.
The acoustic telemetry array enabled to analyse the movement patterns of a significant set of individuals. As raised by Dodson et al. (1972) , it is important to disentangle the contribution of natural behaviour and the capture and tagging impacts which could disturb migratory behaviour. Based on data involving a relatively similar design, these authors assumed little impact of tagging on fish behaviour. In our study, if catching and handling had M A N U S C R I P T
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21 disturbed shad migratory behaviour, altered behaviour was mainly expected in the following hours whereas our study covers a much longer period. Moreover, short term downstream movements associated with upstream movements were almost systematically observed, whether just after the release or after a long time. Although it can be surprising for an anadromous fish, it may represent the normal diversity of movements and they cannot be a priori excluded from the dataset (Frank et al. 2009 ). Rare patterns aside (i.e., individual patterns related to unknown methodological problems such as tag loss, catching/tagging induced mortality or technical dysfunctions in the acoustic system), we do not have evidence that fish behaviour was strongly modified although this cannot be totally ruled out. Our acoustic telemetry array permitted the observation of a range of variability in Allis shad individual behaviours in both a qualitative and quantitative manner.
After capture and tagging, most individuals remained in the lower estuary with relatively small longitudinal meandering movements and possibly some movements back at sea for variable periods of time. Such oscillating movements were also observed on five shads in a set of seven tagged individuals of Alosa sapidissima in the Connecticut River estuary for times ranging from 24 to 53 hours and were assumed to result from relatively passive behaviour with tidal currents close to the salt wedge (Dodson et al. 1972) . These authors attributed this behaviour to physiological adaptation to freshwaters before starting riverine migration. However, in our study, shad could exhibit such meandering patterns for much longer (18.5 days on average). Although a phase of adaptation to lower salinity is likely in our case as well, it is possible that fish spent time waiting for a favourable window of migration.
Indeed, conditions in the most downstream part of the estuary and at sea could be buffered in terms of flow and physicochemical conditions and would therefore be less stressful for shad than upstream conditions. In fact, the ETM mainly develops between Paimboeuf and Le Pellerin ( Fig. 1) with both amplitude and intensity positively correlated to tidal coefficient and negatively correlated to river discharge (GIP Loire-Estuaire 2014). After this 'waiting phase', trans-estuarine migration did not occur randomly but mainly during neap tides. Tidal amplitude is thus a main driver of environmental conditions in the Loire estuary as it determines the occurrence of the ETM and the concentration of both suspended matter and oxygen (Abril et al. 1999; Doxaran et al. 2009; Lanoux et al. 2013 ). These two observations (Steinbach et al. 1986 ). Estimated speeds in Alosa sapidissima ranged between 8.5 and 80.4 km.j -1 in the Connecticut River (Katz 1986) . After this run, some rare individuals that had successfully crossed the estuary moved back, i.e., seaward, possibly with another successful transestuarine migration. Such behaviour, also observed in Alosa sapidissima (Dodson et al. 1972) , do not seem to be adaptive as it involves increased energy expenditure as well as increased mortality risk and was rare in our data set. No indication of the causes of such behaviour is available yet. Morphometric variables had no effect on migratory patterns and only fish body weight positively influenced migration speed. Bernatchez and Dodson (1987) showed, in a set of fish including a few shad species, that there was a negative relationship between energetic cost of migration and fish body weight. These authors also assumed that environmental constraints, irrespective of the migration distance, impede to minimize energy expenditure. Bigger fishes could then afford to spend more energy by swimming faster to leave the hostile ETM area. No relationship between migration speed and body condition index (W R ) was found in our study. This possibly results from the poor discriminating power of the index we used, also possibly from the sample size and a confounding sex effect.
ETM in large estuaries will probably increase in the coming years as a response to predicted increasing temperature, flow modification and urbanization (Lanoux et al. 2013 ). In the Loire River, it has already increased in the last century especially due to habitat degradation i.e., M A N U S C R I P T
23 estuary channelization and deepening. It is also likely that ETM will occur earlier in spring in relation to increased temperature and lower hydrological level of rivers or increasing human populations (Lanoux et al. 2013 ). Under such conditions, shad populations could be imperilled because of reduced connectivity to spawning ground. Using a modelling approach, Castro-Santos and Letcher (2010) showed that delayed arrival at spawning grounds due to habitat fragmentation in Alosa sapidissima could have dramatic implication on reproductive success by increasing the energetic demand devoted to migration. Therefore, a reduction of migratory opportunities through low oxygen levels reducing connectivity in the Loire River could also lead to reduced reproductive success and contribute to the decline of shad population. As a response to the predicted increased and earlier development of ETM, we would expect a phenological shift for shads. More precisely, migration should occur earlier to match more favourable migratory conditions, although there might be some unknown costs associated to such a shift. Most Allis shads are semelparous (Baglinière and Elie 2000) , thus selection against late migrants (and therefore most likely exposed to ETM) might be strong and possibly rapid, provided that migratory tactics are variable enough within population.
Our results also question the fate of juvenile shads during their seaward migration, as the first individuals migrate as soon as August (Lochet et al. 2009 ) when the ETM is still well developed. But the potential threats also exist for lampreys and Atlantic salmon spawners during spring and summer. In the Loire River catchment, as well as in most other large catchments, management efforts mainly focus on freshwater habitats to restore longitudinal 
